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A B S T R A C T
This work reports the study of the processes behind the growth of two-dimensional (2D) n-doped ZnO nanos-
tructures on an AlN layer. We have demonstrated that AlN undergoes a slow dissociation process due to the basic
controlled environment promoted by the hexamethylenetetramine (HMTA). The Al(OH)4- ions created inhibits
the growth along the c-axis, effectively promoting the fast formation of a planar geometry selectively grown on
top of the AlN layer. With the use of this promoting layer and a standard hydrothermal method, a selective area
growth is observed with micrometric resolution. In addition, by using several advanced characterization tech-
niques such as, X-ray diffraction (XRD), energy-dispersive X-ray spectroscopy (EDS/EDX), X-ray photoelectron
spectroscopy (XPS) and photoluminescence (PL), we observed a resulting doping with aluminum of the ZnO
nanostructures, occupying substitutional and interstitial sites, that could lead to new promising applications.
These high-quality n-doped ZnO nanosheets (NSs) exhibit strong ultraviolet emission in the 385–405 nm region
without broad deep level emission. The piezoelectric nature of these nanostructures has been demonstrated by
using piezoresponse atomic force microscope (PFM) and with the support of a piezoelectric test device.
Therefore, this low-cost and fast selective-area synthesis of 2D n-doped ZnO NSs can be applicable to other
aluminum based materials and paves the way to new promising applications, such as bioelectronic applications,
energy generation or self-powered sensing.
1. Introduction
Zinc oxide (ZnO) is a semiconductor with a direct band gap of
3.36 eV at 300 K (26.85 °C) [1], and an exciton energy of 60meV [2].
This metal oxide grows into a crystalline wurtzite structure, which is
basically two intertwined atomic hexagonal structures of both zinc and
oxygen ionic species. This structural characteristic in ZnO produces an
asymmetry making the structure highly polarized along c-axis. This
asymmetry has two important consequences, a preference for growth
along the polarized axis [0001], and a strong piezoelectric response
parallel to that growth axis [3], making it an intrinsic piezoelectric
material. Additionally, ZnO also shows a strong response in the UV
region and excellent electron transport properties. Besides being a
biocompatible oxide [4] due to its practically null toxicity, ZnO is a
promising material for being used in biological self-sufficient implants
[5,6], biosensors [7,8], even as a drug delivery medium and biomole-
cular sensors [9,10].
When ZnO is doped with aluminum, another promising material is
obtained, Al:ZnO (AZO). This material maintains most of the favorable
characteristics of ZnO such as low toxicity, low-cost synthesis and
transparency in the visible region for thin films applications [11].
Moreover, AZO, compared to ZnO, seems to have improved piezo-
electric performance in surface acoustic wave (SAW) devices [12]. Also
depending on the aluminum doping percentage, its conductivity can be
increased, due to higher carrier concentration. The improved electrical
and optical properties of AZO make it as a more economical alternative
to indium tin oxide (ITO) with comparable performance [13,14]. Also,
it is a material extensively used for field emission devices [15], and for
solar cells applications [16–18].
ZnO and AZO nanostructures have been used to successfully man-
ufacture devices that take advantage from these material character-
istics, such energy harvesting devices [6,19–22], piezoelectric sensors
[7,8,23,24] and with improved properties as chemical sensors [25,26].
These different nanostructures are synthetized and deposited using
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different methods such as Chemical Vapor Deposition (CVD) [27],
Pulsed Laser Deposition (PLD) or Atomic Layer Deposition (ALD) [28].
However, the preferred method of research is the hydrothermal
method, because it is economic, reproducible, scalable, controllable and
environmentally friendly [3,29–32].
The hydrothermal method consists of the use of a water soluble salt
of zinc, i.e. Zn(NO3)2 or Zn(CH3COO)2, and a basic buffer such as
HMTA, at a controlled temperature. The role of this buffer is to promote
the generation of controlled small quantities of Zn(OH)2 that evolved in
an ordered growth of ZnO nanostructures. However, the exact role of
the HMTA in the mechanism of growth is still in debate due to its in-
direct participation in the nucleation of ZnO, the generation of hydro-
xide ions (OH−) and the interaction of the less polar faces of the ZnO
crystals with the HTMA derived compounds.
In theory, the growth mechanism for the usual nanowire (NW)
structure is as follows, HMTA in the solution works as a basic buffer, it
hydrolyses slowly with temperature, according to literature [33–36].
Dissociated zinc nitrate in aqueous solution forms Zn2+ ions. However,
once the solution pH is above 5.5, it starts forming different compounds
of OH−, i.e. Zn(OH)nm (n= 2,4 and m=2-n), according with the
availability of OH− ions in the solution. These compounds are known
for participating in the formation of ZnO.
Published research has demonstrated that for concentration ratios of
(Zn(NO3)2]/[HMTA]) around 0.66 (i.e. a solution richer in HMTA) the
axial growth is faster. This means that HMTA reduces the radial growth
and favors the growth in the axial direction, by restricting the growth
along the non-polar, chargeless m-planes, and favoring the growth in
the direction of the strongly charged polar c-axis. Ultimately, this re-
sults in longer and thinner NWs. When a ZnO seed is used, HMTA also
affects the nucleation process by interacting with this seed. Experiments
had shown that by increasing the HMTA proportion, the pH of the so-
lution increases, and accordingly, the Zn2+ ions concentration de-
creases, resulting in the reduction of the creation of nucleation sites.
Thus, higher HMTA concentrations leads to longer NWs, but the density
and width are reduced [33,36–39]. It has been shown that the substrate
can influence the growth of the nanostructures by the hydrothermal
method [40–42], inhibiting the growth or on the other way, improving
uniformity, density or growth time. Usually this also can be achieved by
a ZnO pre-seeding treatment on the substrate.
AlN is a semiconductor with wurtzite structure and lattice para-
meters a= 0.311 nm and c= 0.497 nm [43], closely similar to ZnO.
From these similarities with ZnO, we expected that AlN could be a good
candidate as seed layer to grow well-aligned, high-quality NWs. In-
stead, 2D nanostructures, ZnO NSs, were grown over a seed layer of
AlN, as published by Murillo et al. [40]. Surprising, the growth recipe
was exactly the same than the one used to grow ZnO NWs, with the only
difference of replacing the gold or ZnO seed layer by an AlN thin film.
Our results suggest us that AlN could be playing a more important role
leading to the aluminum doping of the ZnO nanostructures (i.e. AZO).
This work analyzes the mechanism of AZO NS growth over SiO2/Ti/
Pt/AlN substrates in which, most of the AlN participates as reagent in
the growth of the AZO NSs. A uniform forest of high aspect-ratio NSs
and even higher volume to area ratio material is generated.
Photoluminescence (PL) studies, piezoelectric measurements, chemical
and structural characterization were carried out to clarify the exact AlN
and HMTA roles. From our results, it seems that the HMTA con-
centration and the thickness of the AlN substrates determine the
structural, optical and piezoelectric properties of the obtained nano-
materials.
2. Methods
All the chemical products were used as the fabricant sold without
previous purification. The zinc nitrate hexahydrate, HMTA, acetone,
isopropyl and ethanol were purchased from Sigma Aldrich.
2.1. SiO2/Ti/Pt/AlN deposition of silicon substrates
First, (100) silicon wafers were submitted to a chemical deposition
process to grow a silicon dioxide (SiO2) layer of 2 μm. Then, Ti/Pt
layers of 10nm/50 nm were deposited by sputtering, followed by an
AlN thin film with three different thicknesses of 100, 200 and 300 nm.
All the substrates were washed with acetone, isopropyl (IPA), ethanol at
98% (EtOH) and deionized water (DIW).
2.2. AZO NS synthesis
The growth solution of zinc nitrate hexahydrate at 98% [Zn
(NO3)2·6H2O] and metanamine at 98% (HMTA) [C6H12N4] were mixed
in DIW in equimolar solution of 5mM. After that, 100ml of solution
were poured into a wide mouth amber glass jar, and the substrates were
put facing down floating in the solution (i.e. AlN layer was immersed in
the solution). Afterwards, the jar was hermetically sealed and placed in
a convection oven at a controlled temperature of 80 °C for 3 h. Finally
the substrates were washed in DIW, IPA and EtOH and gently dried with
N2.
2.3. Fabrication of proof-of-concept device
This prototype consists of two metalized cover slips working as
electrodes and a sandwiched layer of ZnO NSs in between. Specifically
the bottom electrode contains 30 nm of Ti and 20 nm of Pt, and a layer
of 100 nm of AlN deposited on top by RF sputtering, followed by the
hydrothermal growth of a layer of ZnO NSs (as previously indicated, for
3 h at 80 °C). The top electrode is made by the second cover slip etched
with HF to get an irregular topography (with a roughness of ∼200 nm),
cleaned with HCl (37%) and DIW and then metalized with 50 nm of
aluminum obtain a zig-zag profile. The cover slip corresponding to the
second electrode was then flipped away and put on top of the other
cover slip (i.e. bottom electrode and piezoelectric material) facing
down to close the electric circuit. The resulting mounted system was
placed on top of a rectangular microscope slide to give it robustness.
Two cables were connected to each electrode by using silver paste (RS
Components). Finally the whole mounted and connected system was
cover with a transparent epoxy (Sigma-Aldrich) to provide mechanical
robustness and isolation against water.
2.4. Structural and chemical analysis
Field-emission scanning electron microscopy (FESEM) and energy
dispersive X-ray spectroscopy analysis (EDS/EDX) were performed with
a Zeiss AURIGA and an Oxford Inca X-Act, respectively. The samples
were placed on a carbon tape for adhesion, samples images were gen-
erated with an operating voltage of 1–3 kV and using a secondary
electrons detector. EDS/EDX measurements were obtained applying a
voltage of 10 kV. X-ray powder diffraction (XRD) spectra of the samples
were obtained with a Bruker D8 Advance diffractometer (CuKα,
λ=1.5418 Å). A 2θ angle ranging from 15° to 80°, a voltage of 40 kV,
and a current of 40mA were used.
2.5. PL studies
Room-temperature PL measurements were made with a chopped
Kimmon IK Series HeeCd laser (325 nm and 40mW). Fluorescence was
dispersed through an Oriel Corner Stone 1/8 74000 monochromator,
detected with a Hamamatsu R928 photomultiplier, and amplified
through a Stanford Research Systems SR830 DSP lock-in amplifier. A
360 nm filter was used for filtering the stray light. It is worth pointing
out that all the emission spectra were corrected using the optical
transfer function of the PL setup.
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2.6. XPS analysis
A PerkinElmer PHI 5100 spectrometer with a dual anode Al/Mg
using the Mg K of 1254 eV was used as X-ray excitation source. All
spectra were charge shifted using C 1s peak at 284.8 eV as reference.
High resolution spectra curve fitting was carried out using a Shirley
background subtraction and a Gauss-Lorentz function.
2.7. Electrical measurements
Voltage measurements of the piezopotential generated by the pro-
totype were performed by introducing it in an ultrasound bath at
35 kHz (ULTRASONIC LC 20 H, Elma) and measuring the open-voltage
output with the electrochemical analyzer CHI1030A (CH Instruments)
when alternating the ultrasound activation every 5 s. The electrical
connection to read-out the potential was alternated to measure the
direct (d) and inverted connection (e) in order to observe the sign
change of the piezopotential.
2.8. Piezoresponse force microscopy (PFM) measurements
A substrate with ZnO NSs was immersed in ethanol and submitted to
ultrasound for 5min in order to release the NSs from the substrate. A
drop of the resulting solution of ethanol and released NSs was deposited
on top of a silicon die coated by 20nm/50 nm of Ti/Au. A Digital
Instruments MultiModeTM 8 AFM from Bruker with a NanoScope V
controller was used to obtain the topography the single NS and measure
the piezoresponse on top of it. An AC voltage was applied as driving
excitation between the Pt-coated AFM tip (CDTP-NCHR-20) and the
conductive substrate at contact mode. The induced mechanical de-
formation of the sample at the same frequency, due to the inverse
piezoelectric effect, was acquired. The effective piezoelectric coefficient
is then calculated as the slope of the tip displacement versus the applied
bias voltage.
3. Results and discussion
Table 1 summarizes the samples studied in this work. All the sam-
ples were submitted to the deposition of SiO2/Ti/Pt/AlN described in
experimental section. Samples 1, 2 and 3, corresponding to an AlN
thickness of 100, 200 and 300 nm, respectively, were submitted to the
described hydrothermal method used for NS synthesis. For samples 4–7,
an AlN thickness of 300 nm was used. Identically to sample 3, sample 4
was dipped in aqueous acid solution of HNO3 [0.5M] for 20 s as final
step. Sample 5 was also dipped in the same acid solution but no NS
synthesis was performed. Samples 6 and 7 were submitted to the same
NS synthesis process but without zinc nitrate and HMTA, respectively.
Fig. 1a–g shows FESEM images and EDS/EDX results for samples
1–7, Fig. 1h shows the results for average zinc and aluminum atomic
percentage for samples 1–3. After the hydrothermal growth, AZO NSs
were obtained with a diameter ranging from 1 to 2 μm and an average
thickness of 20 nm. The different AlN thicknesses affect the growth of
the NSs, thicker AlN layers give denser NS forests. In addition, samples
2 and 3 show a secondary layer of NS grown on top of the initial NS
layer (Fig. 1b–c and S1), despite of using the same growth time (3 h)
and temperature (80 °C).
In order to analyze the chemical composition of the AZO NSs by
means of EDS/EDX analysis, the nanostructures were released from the
substrates, and subsequently collected. For this, samples were put in-
side EtOH solution, and sonicated for 2min, to obtain a suspension of
released AZO NSs. Then, drop of the resulting solution was applied to a
brand-new Si substrate, left it dry at room temperature and repeated six
times, to successfully transfer the nanostructures. This was done to
avoid the spectra from the remaining AlN in the substrate and have a
clear count of the atomic percentage. The results show an increase in
the aluminum content with the thickness of the AlN seed layer.
Specifically, samples 1, 2 and 3 had an average aluminum atomic
percentages of 9.7, 10.6 and 11.4, respectively (Fig. 1h), while zinc
percentages, 22.3%, 21.3% and 20.4% correspondingly, decrease as the
aluminum percentages increases, indicating an integration of the alu-
minum atoms by substitution of zinc atoms in the AZO NSs. Interest-
ingly, oxygen content was remained constant at 68% for all the sam-
ples.
These results suggest that, in presence of AlN, ZnO nanostructures
grow with NS geometry, integrating part of the aluminum ions into the
ZnO wurtzite lattice substitutionally. To test this, sample 4 was dipped
in an acid solution of HNO3 [0.5M] for 20 s the grown AZO NSs. Then,
we analyze it by SEM, EDS/EDX and XRD, showing that AlN was fully
removed from the substrate, in contrast to sample 5 where the AlN layer
does not suffer any significate attack due to the acid treatment (see
Fig. 1d and e). From EDS/EDX measurements, it can be inferred that
only SiO2 remain in sample 4, confirming that most of the AlN was
integrated into the AZO lattice.
In fact, it is known that AlN decomposes in Al(OH)3 and Al(OH)4- in
presence of water and this reaction is catalyzed by the presence of OH−
ions, suggesting an interaction between AlN and the HMTA. In order to
study this reaction, samples 6 and 7 were submitted to the same NS
synthesis conditions of temperature and growth time, but using dif-
ferent nutrient solutions. For sample 6, a solution of HMTA [5mM]
without zinc nitrate was used. In contrast, the nutrient solution for
sample 7 was only composed of zinc nitrate [5mM]. After the synthesis
reaction, no nanostructure growth was observed in sample 7. It can be
explained because, although AlN reacts with water to release OH− ions,
the reaction in deionized water is very slow, stating to take place after
24 h [44]. In contrast, in sample 6, AlN is attacked and decomposed in
the HMTA solution leaving a porous surface with a different chemical
composition (see Fig. 1f). Therefore, HMTA provides a steady source of
OH− ions which serves as catalyst for the AlN hydrolysis.
We proposed that most of the AlN participates as a reagent in the
AZO NS growth, because AlN is dissociated and most of it is integrated
into the NSs during the growth process (Fig. 2). Due to the nature of this
growth mechanism, in which a group of complex reactions takes place,
aluminum is found in form of Al3+ ions and complex hydroxides which
can be integrated into the ZnO crystal lattice and effectively doping it to
form AZO.
Fig. 3 shows XRD spectra of the samples studied in this work. AlN
Table 1
Growth parameters of the samples. All the samples were growth at standard conditions of 3 h at 80 °C.
Sample AlN thickness [nm] Zn(NO3)2 [5mM] HMTA [5mM] AZO NSs Acid Treatment HNO3 [0.5M]
1 100 Yes Yes Yes No
2 200 Yes Yes Yes No
3 300 Yes Yes Yes No
4 300 Yes Yes Yes Yes
5 300 No No No Yes
6 300 No Yes No No
7 300 Yes No No No
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signals (red line) of three different AlN thickness (100, 200 and 300 nm)
before any treatment and according to PDF#88–2360 AlN (002) peaks
were identified. After AZO NS synthesis, AlN peaks had disappear,
leaving ZnO (blue line) for the 3 different AlN substrate thicknesses,
showing the characteristic peaks for ZnO agreeable to PDF#36–1451.
In this particular case a main diffractions appear at 2θ=34.7° (002)
(literature 2θ= 34.42°) and 62.1° (103) (literature 2θ= 68.8°) with no
shift or intensity change. The higher intensity of the (002) peak sug-
gests a preferential growth with the c-axis perpendicular to the sub-
strate [45] (see Fig. 2c). In sample 3 as shown in Fig. 3c, additional
peaks appeared at 31.76° (100), 47.49° (102), 56.52° (110), presumably
due to the incipient secondary grown layer. AZO (001) peak seems to be
overlapped with the base substrate signal PteTi. The calculations of the
lattice parameters and domain sizes are presented in Table S1 and were
calculated using the Scherrer equation and Williamson Hall method
[45]. Taking from literature that undoped ZnO lattice parameters are
a=0.325 nm and c=0.520 nm, the resulting lattice parameters seems
to be consistent for the three samples [46].
To further analyze the properties of the AZO NSs, a PL analysis was
performed. Fig. 4a shows the results for samples 1, 2 and 3, and an
additional sample in which an Au thin film of 50 nm was used as seed
layer to obtain un-doped ZnO NWs for comparison. PL results of un-
doped ZnO and AZO NSs showed significant changes in the optical
properties. It is clear from the spectra that the AZO NSs emit a much
stronger UV light, whereas the un-doped ZnO NWs emit weak UV and
strong visible light, which is a consequence of the larger surface area of
the NWs respect to the NSs [47]. Also, we can observe a clear UV
emission shift as the AlN layer thickness increases. The characteristic
emission peak for the undoped ZnO NWs at 380 nm (3.27 eV) moves to
385 nm (3.22 eV) for sample 1 (AlN 100 nm), 389 nm (3.19 eV) for
sample 2 (AlN 200 nm) and 405 nm (3.06 eV) for sample 3 (AlN
300 nm). This behavior is characteristic for AZO as aluminum content
increases [11,16,23,48] and the number of charge carriers increases
consequently, improving its conductivity and reducing its band gap.
Aluminum can serve as donor in ZnO lattice and decrease the wide
band gap, which will improve the electrical and optical properties of
Fig. 1. FESEM and EDS/EDX of a) sample 1, b) sample 2, c) sample 3, d) sample 4, e) sample 5, f) sample 6 and g) sample 7. H) EDS/EDX results showing the atomic
percentages of NSs grown on top of different substrates.
Fig. 2. Growth scheme of the ZnO NSs. A) AlN deposition, b) zinc and aluminum species in water solution, and c) synthesis of the ZnO NSs.
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ZnO. This UV redshift can be ascribed to Ali beside the Zni. This was
generated by the substitution of zinc sites with aluminum atoms. This
result, together with the fact that the EDS/EDX shows an increase in the
aluminum atomic percentage and the XRD shows the characteristic
(002) and (103) ZnO peaks, confirm that ZnO wurtzite structure is
being doped by aluminum during the growth.
XPS analysis of the ZnO NS coatings was performed to confirm
aluminum doping. The samples show Zn 2p3/2 and Zn 2p1/2 peaks
around at 1022.0 and 1045.1 eV (Fig. 4b). Those binding energies
correspond to Zn2+ oxidation state in ZnO wurzite lattice [49–53]. In
Fig. 4c, Al 2p doublet peak is located around 74.0 eV. These positions
suggest that Al3+ ions are forming AleO bonds in the ZnO lattice, Al 2p
core level peak in pure Al2O3 show higher binding energy values
(75 eV) than those observed for AZO films [53,54]. Fig. 4d shows the
high resolution spectra of O 1s core level peak. At lower binding energy
values a broad satellite peak from a non-monochromated X-ray source
was detected. In Table S2 results from peak fitting of the O 1s signal are
presented. Three main peaks at 532.6 (OIII), 531.4 (OII) and 530 (OI) eV
were found and are related to loosely bound oxygen (OH−), oxygen
defects in ZnO and AleO bonds, and oxygen in the wurtzite lattice,
respectively [50–53]. O 1s peak position for AleO bond in pure alumina
appears very near to that of oxygen defects of ZnO as it was not possible
to resolve. However, it is clear that the intensity of OII peak increase for
the ZnO growth over the thickest AlN coating, and as it was shown by
SEM imaging, the NSs grown more densely compacted over the sub-
strate. At this respect, OI× below 528 eV is associated to ZnO in con-
tact with the Pt metallic coating that is below the AlN coating. The
samples showed some regions were the silicon wafer is exposed because
of film cracking, then some photoelectrons from the ZnO growth at the
interface possibly escaped to the surface and were detected. Thus, after
internal charge reference to C 1s at 284.8 eV, this peak appeared at
lower binding energies since no electron flooding gun was used during
measurements.
ZnO NW formation is a process that takes place due to the polar
charged surfaces along the c-axis, which are intrinsic to the wurtzite
crystal structure and are the same that confer this structure with its
piezoelectric properties. This structure is formed by interposed planes
of polar charged surfaces, the chemically active Zn2+ terminated
(0001) plane, and the inert O2 terminated (000–1) surface. During the
growth phase, OH− ions provided by the HMTA are attracted to this
plane, favoring the growth along that axis and resulting in a long NW
structure as proposed in Fig. 5a.
Regarding the proposed NSs synthesis, although AlN in aqueous
solution at room temperature forms a hydrophilic aluminum oxide thin
Fig. 3. XRD patterns of the samples. a) Sample 1 (blue), AlN 100 nm base substrate (red) and AlN 100 nm substrate after HMTA treatment without zinc (green). b)
Sample 2 (blue), AlN 200 nm base substrate (red) and AlN 200 nm substrate after HMTA treatment (green). c) Sample 3 (blue), AlN 300 nm base substrate (red) and
AlN 300 nm substrate after HMTA treatment (green). d) Brand-new AlN 300 nm substrate (blue) and AlN 300 nm after acid (HNO3) treatment (red).
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film that provides chemical protection and preventing a reaction [44],
above a temperature of 77 °C, AlN forms amorphous aluminum oxide
hydroxide (AlOOH), which in turn start forming Al(OH)3. The next
reaction taking place under a basic solution [44,55,56]:
+ + > °AlN 2H O AlOOH NH ( T 77 C)2 amorphous 3
+AlOOH H O Al(OH)amorphous 2 3
+Al(OH) OH Al(OH)3 4
When HMTA is in aqueous solution, it creates a alkaline solution,
that in contact with AlN, promotes its dissociation, and consequently,
the liberation and formation of Al(OH)4-. The Al(OH)4- bonds stronger
to the (0001) Zn2+ ions terminated plane, inhibiting the growth along
the c-axis and resulting in a 2D radial growth (Fig. 5b) [31,57]. The
quantity of Al(OH) 4- present in the medium, increases with the pH that,
at the same time, is determined by the HMTA concentration. This result
in thinner NSs, due to the little or no growth along the c-axis [57].
It is important to mention that this particular NS geometry cannot
be attributed only to the presence of Al3+ ions. It has been reported
aluminum doping of ZnO [58] with the use of Al(NO3)3 as aluminum
source, obtaining NWs. This is because Al(NO3)3 dissolves into Al3+
and 3 nitrate ions in aqueous solution instead of the Al(OH)4-, and for
that reason the c-axis growth inhibition does not take place, thus re-
inforcing the proposed growth model. In fact, to the best of our
knowledge, there are no reports about the growth of nanosheets using
only HMTA and zinc nitrate as a mean to increase the pH of the solu-
tion. In fact, while there are some reports of NSs structures obtained
increasing the pH, this increase was always produced by adding NaOH
to the growth solution [30,34,36,59].
In conclusion, by growing ZnO nanostructures on AlN substrates,
AlN undergoes a slow dissociation process, due to the basic environ-
ment promoted by the HMTA, and consequently the formation of Al
(OH)4- ions (see Fig. 5b). This inhibits the growth along the c-axis, ef-
fectively promoting the formation of a NS geometry selectively on
substrates covered by AlN [40]. The crystal growth is apparently faster
radially than axially, as less volume is needed due to 2D geometry of the
NSs compared to the 1D one of the NWs. Because the aluminum hy-
droxide ions availability is localized in areas close to the AlN surface, a
selective area growth is observed with micrometric resolution. In ad-
dition, it is expected a doping of the ZnO crystal with aluminum atoms,
and because of the ionic effective radius of the Al3+ ions is 53.5 p.m.,
compared with Zn2+ ions of 74 p.m. [60], aluminum atoms could oc-
cupy substitutional and interstitial sites, expecting the appearance of a
ferroelectric effect, which would mean an improvement of the piezo-
electric properties after a poling process. This dissociation of AlN is also
Fig. 4. a) PL spectra of the ZnO NSs and NWs for comparison. b) High resolution XPS spectra of ZnO 2p doublet of zinc in sample 3. c) High resolution XPS spectra of
aluminum 2p peak in ZnO NSs in sample 3. (d) Curve fitting of the XPS O 1s peak in sample 3.
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demonstrated by the reduction of the AlN thickness after a growth
process (Fig. S2) and due to identification of the XRD peak corre-
sponding to AlN (002) which is reduced in Fig. 3a–b and fully removed
in Fig. 3c.
The piezoelectric behavior of the ZnO NSs synthetized with this
method was tested by using to different alternatives. On one side, a
Piezoresponse Atomic Force Microscopy (PFM) was used to measure the
effective piezoelectric coefficient of a single NSs (Fig. 6a). A silicon
substrate covered with a thin layer of gold was used as ground electrode
and a Pt-coated AFM tip probe as top electrode The calculated piezo-
response of the single ZnO NSs was found to be of around 4 p.m./V
(Fig. 6b) [61]. The IeV characteristic shows the typical behavior of a
double Schottky diode, suggesting a semiconductor nature (Fig. 6c).
One reached the conductivity region, the mean value nanosheet re-
sistivity was found to be ∼435 MOhms, which proves a low con-
ductivity of the grown n-doped ZnO. On the other side, a test device
was fabricated to proof the concept of generating energy by piezo-
electric effect when the NSs are deformed. Inspired in Prof. Wang's
works [62,63], ZnO nanostructures were grown on top of a metallic
substrate (i.e. the bottom electrode) covered by 100 nm of AlN and
another metallic substrate, an aluminum coated zig-zag electrode, was
placed on top to generate a mechanical deflection on the nanostructures
and collect the generated charges. The whole device, depicted in
Fig. 6d, was wired and encapsulated with epoxy and immersed in an
ultrasound bath where it was submitted to alternate ultrasound acti-
vation (every 5 s). The resulting output piezopotential was measured
with a potentiostat set up to measure open-circuit voltage with an input
impedance of 1×1012 Ohms. A voltage amplitude of> 1 V was mea-
sured (Fig. 6e) when ultrasounds were activated and the electrode
connection was inverted to demonstrate the piezoelectric nature of the
signals, which change their sign depending on the connection polarity
(Fig. 6f). The open-circuit current was also measured and shown in
Fig. 6g. By applying higher forces on top of the generator, making sure
full contact between NSs and the electrode, a value of around 1 μA was
obtained which suggests a promising high power density. These both
alternative characterizations demonstrated the piezoelectric nature of
the ZnO NSs grown by this method and using a buffer AlN layer. In
addition, we demonstrated that nanosheets, due to their piezoelectric
nature, biocompatibility, reduced thickness and high aspect ratio, can
be used to electrically stimulate cells due to the electromechanical in-
teraction with them [61]. Therefore, this nanomaterial has been found
to be a great candidate for electroceutical applications, where chemical
drugs are proposed to be replaced by electrical stimulating devices
[64,65].
4. Conclusions
In summary, we have proposed and experimentally verified a me-
chanism of hydrothermal growth of high-quality n-doped ZnO planar
nanostructures on a substrate covered by an AlN layer. We have proven
that AlN suffer a slow dissociation process due to the buffered basic
environment created by the HMTA present in the nutrient solution. The
resulting Al(OH)4- ions inhibits the growth along the c-axis, conse-
quently promoting a selective-area growth of 2D n-doped ZnO NSs on
top of the AlN layer. In order to demonstrate this process, we have used
different characterization techniques such as XRD, EDS/EDX, XPS and
PL. These results show aluminum doping of the ZnO nanostructures
occupying substitutional and interstitial sites, supporting our theory
about the AlN dissociation. The resulting aluminum doped ZnO NSs
have been demonstrated to be piezoelectric with an effective piezo-
response of 4 p.m./V. Due to their high aspect ratio and flexibility, they
generated more than 1 V of output voltage when mechanically acti-
vated with ultrasounds. We have observed this effect with substrates
covered by aluminum and Al2O3 and it is extensible to other aluminum
based compounds. This growth procedure opens doors to low-cost and
fast selective-area growth of 2D ZnO crystals that could lead to new
promising applications such as bioelectronics, energy generation and
self-powered sensing [61,66–69].
Fig. 5. Proposed growth mechanism of the ZnO NW (top): a) equimolar solution HMTA and Zn(NO3)2; b) OH− ions are attracted to the charged polar surface; c) OH−
ions combines with Zn2+ ions to form Zn(OH)42− ions; and d) Zn(OH)42− forms ZnO promoting growth along c-axis. Proposed growth mechanism of the ZnO NS
(bottom): e) Al(OH)4- and Al(OH)3 rich solution due to AlN hydrolysis; f) Al(OH)4- ions are strongly attracted to the polar charged surface, screening the OH− ion
attachment on that plane; g) OH− ions are weakly attached to the non-polar faces along with some Al3+ ions; and h) radial growth is promoted and growth along is
inhibited, also some aluminum atoms are integrated into the lattice.
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